(Received 3 March 1951)
The technique of perfusion of the isolated udder is likely to give valuable information on the mechanisms of milk formation, provided it can be shown that most of the milk collected is actually a product of the secretory activity of the gland during the experiment. This point is not easy to demonstrate by ordinary chemical methods, because present-day techniques only permit of a rather limited perfusion period, and also because in the relatively large quantity of tissue involved the various precursors, intermediates and products are distributed in an unknown manner. Moreover, although some of the milk held in the alveoli and finer branches of the duct system can be collected via the teat after administration of oxytocin, the difficulty remains that the proportion of preformed to newly formed constituents in any milk sample must remain uncertain.
Two modern methods for perfusing the isolated bovine udder have so far been described (Petersen, Shaw & Visscher, 1939; Peeters & Massart, 1947) , and a number of studies, mainly on the physiology of milk ejection, have been carried out by means of these techniques. The demonstration that the udder of the intact goat synthesizes milk fatty acids from 14C-labelled acetate (Popjak, French & Folley, 1950 suggested the possibility of a direct test of the ability of the isolated preparation to synthesize milk constituents in the normal manner.
The results presented in this paper show that the perfused, isolated udder can use CH314COONa added to the perfusion fluid for synthesis of milk constituents, in particular fatty acids. They show further, however, that the conditions of perfusion need to be most carefully controlled if comparisons are to be made with processes occurring in the living animal. For this reason the interpretation of the results, in terms of the synthetic mechanisms occurring in the isolated organ, must be regarded as tentative at present. T] was spread over the whole perfusion period because if it were all added at the outset most ofthe labelled CO2 would soon be lost in the artificial lung. The purpose of the addition of glucose and carrier acetate to the blood was to ensure a supply of milk precursors and energy-yielding substrates.
EXPERIMENTAL
Samples of venous blood from each circulation were taken at the beginning of the perfusion, at 15 min. and at subsequent 30 min. intervals, for determination of C02 content and specific activity, and for determination of the D content of the blood water. These samples were at once sealed into ampoules and kept frozen solid until analysis. A measured volume, 0-25-0-50 ml., of thawed blood was quickly pipetted into a bulb connected with a high-vacuum train, the C02 liberated with lactic acid and its volume measured, after suitable purification, in a McLeod gauge. It was then introduced into an internal gas counter for radioactivity measurement. No special precautions were taken to prevent loss of gas during samnpling or pipetting so that the blood CO2 values can only be regarded as approximate.
The milk secreted by each half during the perfusion was collected, the udder halves being emptied by oxytocin at the end of the perfusion; adequate samples were frozen solid and kept in the frozen state until preparation of fatty acid fractions could be begun. Samples of udder tissue were taken from each halfat the end ofthe perfusion, frozen and kept for preparation and fractionation of tissue fat.
Unfortunately, for a reason unknown, oxygenation and C02 clearance was poor on the left ('acetate') side. This was reflected in high blood C02 concentrations as compared with blood from the right side (see Table 1 ) and was probably responsible for the fact that only 140 ml. milk were secreted during the 2 hr. perfusion by the left udder half as compared with 1420 ml. secreted by the right half. The fat content of milk samples from both udder halves was practically the same, 4-7 and 4-75%.
Crude glyceride fatty acid fractions (water-soluble and insoluble, steam-volatile; non-volatile solid; non-volatile liquid acids) and some chromatographically pure fatty acids and also cholesterol were prepared from the samples of milk and udder tissue as described previously (Popjak, French & Folley, 1951;  Popjafk, . The distributions of the fractions obtained from each of the four samples are given in Table 2 . The specific activities of the fatty acid fractions from the udder half perfused with CH314COONawere determined as before on solid preparations of salts using an end-window counter; the much less active fractions from the right side were combusted in 02, the C02 purified and counted in a gas counter. The water resulting from the combustion was purified and its D content determined by the falling-drop method (see Popjak, 1950) .
RESULTS
Blood C02. The C02 content of blood samples taken at various times during the perfusion and the specific activities of the CO2 are given in Table 1 . During the first 15 min., the C02 content of blood from the left ('acetate') side was within normal limits for venous blood of the lactating ruminant (cf. figures for the goat given by Graham, Houchin, Peterson & Turner, 1938) , but thereafter rose progressively to a high maximum value at 90 min. However, the CO2 content of the sample taken at the end of the perfusion (120 min.) was back within the normal range. These results illustrate the fact, already referred to, that the artificial lung on this side of the apparatus was not working efficiently during the perfusion. It was also observed that the blood in this half ofthe apparatus was haemolysed to some extent. Whether this was a result or a cause of the poor oxygenation and consequent retention of C02 is not known. The C02 content of the blood samples from the right ('bicarbonate') side showed some tendency to increase during the early stages of the perfusion, but the maximum value reached was not excessive and the values declined to normal in the later stages. Evidently oxygenation and CO2 clearance were satisfactory on this side. The blood passing through this artificial lung underwent no haemolysis.
The highest specific activity of C02 obtained from blood taken from the left ('acetate') side was found in the sample taken at zero time. This sample was taken from venous blood immediately after the circulation through the udder half had been established, and the fact that the specific activity of its C02 was the greatest observed in the series illustrates the rapidity of the uptake and oxidation of acetate by the lactating mammary gland under the conditions of this experiment. In the intact animal the excretion is slower, the maximum specific activity of the respiratory C02 following the injection of CH.14COONa occurring at 12-15 min. in the goat (Popjak, French & Folley, 1950 and at 10 min. in the cow (Kleiber, Smith & Tolbert, 1950) . As might be expected from the manner in which the labelled bicarbonate was added to the perfusion blood, the specific activity of blood C02 from the right side was low at the outset and rose slowly during the earlier stages, but more rapidly 39-2 later on, and attained its highest value at the end of the perfusion period.
Fatty acids. The distribution of glyceride fatty acids in the milk and udder tissue (Table 2) showed that the composition of the fats obtained from both halves of the perfusion was normal. The specific activities of the four crude fatty acid fractions prepared from milk fat secreted by the left udder half, 0-000 0.003* and from udder fat from both sides of the udder, are given in Table 3 . On the left side there was definite incorporation of labelled C into fatty acids belonging to all four fractions, the mean specific activities of the fractions falling progressively with increase in the mean chain length. The specific activities of similar fractions isolated from fat obtained from the tissue of this udder half were in all four cases some 7-10 times greater than those of the corresponding fractions from the milk. This may be ascribed to dilution of the milk fat with the fat of preformed milk existing in the alveoli at the beginning of the perfusion and which it was not possible completely to remove from the udder tissue even by intravenous injection of oxytocin followed by the most thorough milking-out. A rapid turnover of fatty acids in the epithelial cells themselves would also contribute to the observed difference between the specific activities of the fatty acid fractions from milk and udder tissue respectively. The specific activities of purified fatty acids isolated from the tissue fat of the udder half perfused with CH314COONa are given in Table 4 . It will be seen that the specific activities decrease as the chain length increases from butyric acid upwards. By contrast with the above results, the specific activities of fatty-acid fractions obtained from fat from the right ('bicarbonate') udder half were in all cases very low (in fact only measurable by gascounting technique), showing that incorporation of 14CO2 into fatty acids in the mammary gland under these conditions is negligible. Thus, in the case of the water-soluble steam-volatile fatty acids, the specific activity of the udder fat from the right side was only about 1/1000 of that from the left side, the contrast being pointed by the fact that milk was secreted about ten times faster by the right udder halfthan by the left udder half.
The results of deuterium determinations on the fatty acid fractions isolated from the 'bicarbonate' udder half are given in Table 5 . The incorporation of deuterium was in all cases very low.
Chole8terol. Cholesterol isolated both from milk and udder tissue from the left ('acetate') udder half was radioactive, the specific activity of the cholesterol from the udder being about four times that ofthe milk cholesterol. The results, in confirmation of previous findings on the rabbit and goat in vivo (Popjak & Beeckmans, 1950; Popjak, French & Folley, 1950 , indicate synthesis of cholesterol in the isolated udder tissue.
DISCUSSION
In planning the experiment it was assumed that each perfused udder half would secrete milk at the rate of about 100 ml./hr. and that this milk would be formed from material taken up at a fairly steady rate from the blood, the chemical composition of the alveolar tissue ofthe udder itselfremaining constant. Such a process would presumably approximate to normal secretion. The results of the experiment were, however, quite different. The right ('bicarbonate') half of the udder produced 1420 ml. of milk containing 4-75 % fat, i.e. a total of 67-45 g. of fat.
The amount of glucose and total fatty acids in the 5 1. of perfusion blood was certainly less than a third of this quantity. Most of this milk fat must therefore have arisen from other sources, presumably from the udder tissue itself. As regards the left ('acetate') side also there is evidence that the metabolites supplied were insufficient for the needs of the tissue. The specific activity of the blood CO2 reached a peak immediately after the perfusion began, after which it dropped sharply and thereafter remained practically constant until the end of the experiment. It seems probable that the gland cells had taken up most of the acetate from the blood in a very short time, other metabolites probably being removed equallyrapidly. It is calculated from the yields of udder and milk fatty acid fractions and their specific activities that a large fraction of the 14C administered as acetate, nearly 400,uc., i.e. 40 %, was present in the fatty acids at the end of the experiment. The most likely interpretation of the time course of the blood CO2 specific activity would therefore seem to be that the initial high value was due to oxidation offree acetate, whereas the later steady excretion of 14CO2 was due to oxidation ofreserve materials in the tissue, including the labelled fatty acids formed from acetate. T'he fact that after the first 15 min. the specific activity of the blood CO2 on the left ('acetate') side (Table 1) was of the same order as that of the volatile fatty acid fractions isolated from the udder (Table 3 ) is in keeping with this suggestion. It is also probable that the initial perfusion with saline had the effect of depleting the reserves of metabolites in the cells, so that the available material in the blood was rapidly taken up. Beyond this point the two halves behaved differently: on the right side, where oxygenation and CO2 removal were adequate, a large amount of milk was secreted, whereas on the left side only small amounts of the labelled fatty acids formed in the udder found their way into the milk.
The general conclusion to be drawn from these considerations is that the tissue was active in the turnover and secretion of fat, but it is very doubtful whether net fat synthesis occurred at all on the left side, and it probably occurred only to a limited extent on the right side. On the whole it is probable that breakdown of tissue fat by oxidation was'the predominant process. The R.Q. of the udder can be taken as a measure of net fat synthesis or breakdown (see Folley, 1949) . It is of interest that although the R.Q. of the lactating bovine udder in vivo has been generally found to be greater than unity, Shaw (1939) reported a mean value of only 0-8 for the perfused, isolated udder. It is known that the R.Q. of tissue slices of lactating mammary gland is very sensitive to the supply of suitable substrates in the medium (Folley & French, 1949 , 1950 . Further work with the perfused preparation should aim at the maintenance of continuous net synthesis of milk constituents, which might be possible by maintenance of constancy ofcomposition in the perfusion medium.
In spite of these differences from physiological conditions, some qualitative conclusions can be drawn from the results. The secretion of radioactive milk fatty acids by the udder perfused with CH314COOH in general confirms previous results on the intact lactating goat (Popjak, French & Folley, 1950 which led to the conclusion that the lactating ruminant udder brings about the synthesis ofmilk fat by condensation of acetate or some C2 unit derived therefrom. The specific activities of all four crude fractions of milk fatty acids in this experiment were considerably lower than the maximum values found in the experiment on the live goat. The fatty acids isolated from the udder tissue, however, had an activity comparable to that found in goat milk several hours after the 'administration of labelled acetate. It is probable that the fatty acids synthesized in the cells are the direct precursors of the milk fatty acids, and the high activity of this fat, which includes 'structural' fat of the cells, illustrates the previous conclusion (Popjak, French & Folley, 1951 ) that milk-fat synthesis is the end result of the dynamic turnover of the udder cell constituents.
The decrease of specific activity of the milk and udder fatty acids with increasing chain length indicates, in agreement with the results obtained on the intact lactating goat, that the short-chain acids could not have arisen to any considerable extent by the direct degradation of long-chain acids, mainly oleic, as required by the theory of Hilditch (see Achaya & Hilditch, 1950 ). There appears to be a significant difference between the order of the specific activities of the pure fatty acids found in this experiment compared with those in the intact animal. It has been reported that in the lactating goat during the first 12 hr. after the injection of labelled acetate, the specific activities of the milk fatty acids increased with chain length from butyric up to capric (decanoic). These results, together with those obtained by chemical degradation of some of the acids, could be explained only by the assumption that butyric acid synthesized in the gland from the labelled acetate was continuously being diluted with a nonisotopic C4 compound. It was suggested that this C4 precursor was obtained from the blood and that it might be ,B-hydroxybutyric acid. In the absence of this unlabelled precursor it would be expected that in the early part of the experiment the butyric acid would be the most active product ofthe condensation of C2 units. This expectation appears to apply in the present experiment, in which the synthetic period was short, and the supply of fl-hydroxybutyric acid in the perfusion blood was probably very small.
The results of the present experiment reinforce the previous conclusions drawn from the in vivo work, in that they exclude possible complications due to the incorporation in the liver or other organs of 14C into carbohydrate or fat which could be transported to the udder, and there used as substrates for milk formation. Moreover, since the incorporation of 14CO2 into milk fat in the mammary tissue has been found to be negligible, another factor which might complicate the interpretation of the previous tracer results can be disregarded. Kleiber et al. (1950) also found a low incorporation of 14CO2 into milk fat in the intact cow.
The low values observed for incorporation of D into milk and udder fatty acids is not surprising when the turnover of the large quantities of fat present in the udder is taken into account. A significant proportion of D in the milk fat could only be expected if this fat arose directly from small molecules without dilution by preformed udder tissue fat. In order to study the uptake of D from body water, higher D20 concentrations or longer experiments would be necessary.
The observed specific activities of milk and udder cholesterol agree with the conception of the turnover of udder constituents. Those constituents which are present in high concentration in the milk compared with the udder (the volatile fatty acids) are synthesized with high specific activity immediately following the administration of a single dose of precursor, whereas cholesterol, which has a higher concentration in the udder than in the milk, has a much lower activity, indicating a prolonged turnover time. It remains to be shown whether the low activity of stearic and oleic acids, found in this experiment as well as in the intact goat, can be entirely explained by this mechanism.
The lactose isolated from the milk on the left ('acetate') side had a significant radioactivity. Since extremely little activity was found in the milk lactose from the right ('bicarbonate') side, it appears that some pathway other than CO2 fixation is responsible for the incorporation of acetate carbon into carbohydrate in the bovine udder. On the other hand, Kleiber et al. (1950) found that, following the injection ofNa214CO3 into a lactating cow, lactose had the highest specific activity of the major milk constituents. In view of our results with the perfused, isolated udder, it seems probable that this was due to incorporation of 14CO2 into glycogen in the liver followed by the transport of 14C-glucose to the udder and its utilization for lactose formation. SUMMARY 1. Two separated halves of a lactating cow udder were respectively perfused with blood containing carboxyl-labelled acetate (1 mc. CH314COONa; 'acetate' half) and labelled bicarbonate (1 mc. NaH14CO3; 'bicarbonate' half) by a technique which permits of separate perfusion with no mixing of blood in the two circulations. Heavy water (D2O) was added to the blood containing NaH'4CO3.
2. The specific activity of the blood carbon dioxide in the 'acetate' udder half was maximal at the outset and thereafter fell to a fairly constant level throughout the rest of the experiment. Because of this and the fact that about 40 % of the added 14C was found in the udder fat at the end of the experiment, it would seem that the initial high specific activity of the blood carbon dioxide was due to the oxidation of free acetate, which was probably taken up rapidly by the udder tissue, the subsequent lower values corresponding to the oxidation of udder constituents, mainly fatty acids, into which the CH314COONa had been incorporated.
3. 14C was incorporated into fatty acid fractions isolated from the milk and udder glycerides of the ' acetate' half, the mean specific activity falling with increasing mean chain length. The conclusion from previous work on a living lactating goat, that the udder utilizes acetate as a substrate for the synthesis of milk fatty acids, is therefore confirmed. The specific activities of the udder fat fractions were higher than those ofcorresponding fractions from the milk. This could be explained by dilution of newly synthesized fat by fat already existing in the udder tissue and by a rapid turnover of fat in the epithelial cells. The specific activities of pure fatty acids 614 I95I isolated from the udder fat fell progressively with increasing chain length up to stearic and oleic acids. The short-chain acids could therefore not have been formed directly by degradation of long-chain acids.
4. The mean specific activities of fatty acid fractions isolated from udder fat from the 'bicarbonate' half were very low, indicating negligible incorporation of 14CO2. The deuterium content of these fractions was also low, probably due to dilution of newly formed fat.
5. Cholesterol isolated from milk and udder fat from the 'acetate' half was radioactive, the specific activity of the udder cholesterol being higher than that from the milk. This confirms previous work on the goat indicating that cholesterol is synthesized in the udder.
6. Lactose isolated from milk from the 'acetate' half was appreciably radioactive, while milk lactose from the 'bicarbonate' half was not. The udder tissue must therefore incorporate acetate carbon into lactose by some mechanism other than carbon dioxide fixation.
7. The application of the udder perfusion technique to biochemical studies of milk formation is discussed in the light of the results of this experiment, and it is concluded that the perfusion conditions must be carefully controlled if valid comparisons are to be made with the lactating udder in vivo.
